Monola oil, a high oleic acid canola cultivar, and canola oil were evaluated as replacers of fish oil at three levels of inclusion (60%, 75% and 90%) in rainbow trout diets. After a 27-week grow-out cycle, the diet-induced effects on growth, fatty acid metabolism and final eating quality were assessed. Overall, no effects were noted for growth, feed utilisation or fish biometry, and the fatty acid composition of fish fillets mirrored that of the diets. Dietary treatments affected fillet lipid oxidation (free malondialdehyde), pigmentation and flavour volatile compounds, but only minor effects on sensorial attributes were detected. Ultimately, both oils were demonstrated to possess, to differing extents, suitable qualities to adequately replace fish oil from the perspective of fish performance and final product quality. However, further research is required to alleviate on-going issues associated with the loss of health promoting attributes (n-3 long chain polyunsaturated fatty acids) of final farmed products.
Introduction
Current shortages and fluctuations in fish oil availability and supply, coupled with rising demand, price hikes and environmental concerns are forcing aquaculture feed manufacturers to use alternative oils in fish feed (aquafeeds) formulations (Olsen, 2011; Pickova & Morkore, 2007) . The substitution of dietary fish oil in aquafeeds with readily available alternatives, such as vegetable oils, has been widely documented to be responsible for only minor effects on growth (Glencross & Turchini, 2011) , but significant effects on final product quality (Rosenlund, Corraze, Izquierdo, & Torstensen, 2011) . These modifications are primarily driven by the reflection of the dietary fatty acid composition in the fish fillet, and thus when fish oil, rich in n-3 long chain polyunsaturated fatty acids (n-3 LC-PUFA), is substituted with vegetable oils, a remarkable reduction in the fillet n-3 LC-PUFA content seems to be unavoidable Turchini, Torstensen, & Ng, 2009 ). This reduction in n-3 LC-PUFA has a direct negative effect on the overall perceived nutritional quality of aquaculture products for human consumption (Seierstad et al., 2005) , as well as other characteristics relative to product quality (i.e. sensorial and organoleptic) (Rosenlund et al., 2011) .
The use of canola (low erucic acid rapeseed) oil has been abundantly studied in salmonid diets, from pioneering studies on Canadian salmonids (Oncorhynchus kisutch and Oncorhynchus tshawytscha) (Dosanjh, Higgs, Plotnikoff, Markert, & Buckley, 1988; Dosanjh et al., 1984) to more recent studies on rainbow trout (Oncorhynchus mykiss) (Caballero et al., 2002) and Atlantic salmon (Salmo salar) (Bell, McGhee, Campbell, & Sargent, 2003; Bell, Tocher, Henderson, Dick, & Crampton, 2003; Bell et al., 2001; Menoyo, Lopez-Bote, Obach, & Bautista, 2010; Thomassen, Rein, Berge, Ostbye, & Ruyter, 2012; Tocher et al., 2000; Torstensen, Froyland, & Lie, 2004) . Canola/rapeseed oil currently represents one of the most commonly used fish oil replacers in aquafeed formulations. This is largely attributable to its availability, large and expanding global production, relatively balanced fatty acid composition containing limited n-6 polyunsaturated fatty acids (n-6 PUFA), and its well demonstrated performance as a fish oil replacer (Turchini & Mailer, 2011) . Recently, several canola cultivars bearing oils with modified fatty acid compositions have been developed, but not yet tested for potential inclusion into aquafeeds. In particular, monola, a GM free cultivar obtained via the selective breeding of canola containing a high concentration of oleic acid (18:1n-9) , is envisaged to possess some advantages warranting its possible utilisation in aquafeeds. In fish, dietary monounsaturated fatty acids (MUFA) are reported to be preferentially b-oxidised for energy production when supplied in dietary surplus (Stubhaug, Froyland, & Torstensen, 2005; Stubhaug, Lie, & Torstensen, 2006 . A recent investigation suggested that MUFA, 18:1n-9 in particular, can invoke an ''omega-3 sparing effect'' (Turchini, Francis, Senadheera, Thanuthong, & De Silva, 2011) . Specifically, it was demonstrated that a large availability of dietary MUFA can decrease the catabolism of n-3 LC-PUFA, resulting in a greater deposition of these health-promoting fatty acids into fish fillets.
The objective of the present study was therefore to assess the growth, overall fatty acid metabolism, and final nutritional and organoleptic qualities of freshwater reared rainbow trout fed over the entire grow-out cycle ($5 to $400 g) with diets containing canola or monola oil, replacing fish oil at three different levels; 60%, 75% and 90%.
Materials and methods

Animals, rearing facility and experimental diets
All procedures used in the current study were approved by the Deakin University Animal Welfare Committee (Ref. A71-2010) . Rainbow trout fingerlings ($5 g) were sourced from the hatchery of the Victorian Department of Primary Industries (Snobs Creek, Victoria, Australia). After transportation to the Deakin University Aquaculture Research Facility (Warrnambool, Victoria, Australia), fingerlings were acclimatised to the new environmental conditions for a 2 week period, during which they were fed a commercial trout diet (Skretting, Cambridge, Tasmania, Australia). Six commercial-like experimental diets were specifically formulated, prepared and stored as previously reported (Brown, Francis, & Turchini, 2010) . Briefly, all diets were formulated to be iso-proteic ($45%) and iso-lipidic ($20%), varying only in the added dietary lipid sources. Two different varieties of rapeseed oil were used: monola oil (MO, a high oleic acid rapeseed cultivar) and canola oil (CO, a traditional low-erucic acid rapeseed), and were included at three different levels of substitution of fish oil (60%, 75% and 90%). The six experimental diets were designated MO60, MO75, MO90, CO60, CO75 and CO90, where the first two letters refer to the oil used, and the last two digits their respective substitution level (Table 1). The three oils used (monola, canola and fish oils) were in crude form, and for each diet, two batches with identical formulations and compositions, but different pellet sizes (3 and 6 mm) were manufactured.
A multiple-tank (1000 L), thermostatically controlled, recirculating aquaculture system equipped with physical and biological filtration, and UV sanitation was used as the experimental rearing facility. The system was maintained on a 12:12 h light:dark cycle at 15.2 ± 0.5°C. A flow rate of 10 L min À1 per tank was set and water quality parameters (ionised ammonia, nitrite, dissolved oxygen and pH) were measured every second day using Aquamerck test kits (Merck, Darmstadt, Germany) and maintained at optimal levels for rainbow trout. At the end of the 2 week acclimatisation period, 20 fish were sampled as an initial sample and stored at À20°C until subsequent analysis.
Five hundred and forty fish (mean weight 5.2 g) were bulk weighed in groups of 10 fish, and randomly allocated in triplicate groups into 18 tanks (30 fish per tank; 3 tanks per treatment; n = 3, N = 18). Fish were fed with one of the six experimental diets twice daily to apparent satiation at 0900 and 1600 h. Faeces collection for digestibility determination was implemented during weeks 18-20, as per published protocols (Francis, Turchini, Jones, & De Silva, 2007) . When fish reached a commercially relevant size ($400 g), after a 27 week period, the in vivo feeding experiment was terminated. All fish were anaesthetised, individually weighed, and 16 fish from each experimental tank (48 fish per treatment) were randomly selected, euthanized in excess anaesthetic and stored at À20°C for subsequent analysis.
Proximate composition and fatty acid analyses
Proximate composition analysis was implemented on experimental diets, faeces and fish samples using standard procedures. Briefly, protein (N Â 6.25) was measured using an automated Kjeltec 2300 (Foss Tecator, Geneva, Switzerland), moisture by drying samples in an oven at 80°C to a constant weight, and ash by incinerating samples in a muffle furnace (Wit, C & L Tetlow, Australia) at 550°C for 18 h. The lipid content was determined by a modified cold extraction method (Folch, Lees, & Stanley, 1957) , whereby dichloromethane replaced chloroform for health and safety considerations, and an aliquot of the extracted lipid was subsequently used for fatty acid analysis. Nitrogen free extract (NFE) was calculated by difference, and energy was computed on the basis of 23.6, 39.5 and 17.2 kJ g À1 of protein, fat and carbohydrate, respectively. The fatty acids present in extracted lipids, and a known amount of added internal standard (tricosanoate; 23:0) were esterified into methyl esters, and resultant fatty acid methyl esters were isolated and identified using an Agilent Technologies GC 7890A (Agilent Technologies, Santa Clara, California, USA) equipped with an Omegawax 250 capillary column (Supelco, Bellefonte, PA, USA), a flame ionisation detector (FID) and an Agilent Technologies 7693 auto-sampler. Each of the fatty acid methyl ester peaks were identified relative to known external standards, and the resulting peaks were then corrected by the theoretical relative FID response factors and quantified relative to the internal standard.
Growth, digestibility and fatty acid metabolism
Standard formulae were used to assess growth, feed utilisation and other relevant parameters during the feeding trial. The daily growth coefficient (DGC) was preferred over the use of specific growth rate (SGR) as suggested previously (Kaushik, 1998) . For nutrient digestibility evaluation, the inert marker Celite Ò 545 (Sigma-Aldrich, Inc. St. Louis, MO, USA) was added to the diet formulation at 5 g/kg. Digestibility values were then determined by assessing acid insoluble ash (AIA) as described by Vankeulen and Young (1977) , and successively specifically adapted to rainbow trout (Atkinson, Hilton, & Slinger, 1984) , following standard formulae for apparent digestibility coefficient determination.
The estimation of the apparent in vivo fatty acid metabolism was computed using the whole-body fatty acid balance method, as initially proposed and described by , with further developments (Turchini & Francis, 2009; Turchini, Francis, & De Silva, 2008) .
Refrigerated shelf-life and organoleptic evaluations
The fillet refrigerated shelf-life was assessed by measuring their susceptibility to induced lipid oxidation by measuring free malondialdehyde (MDA), according to the method previously described by Turchini, Moretti, Mentasti, Orban, & Valfre, 2007 and results were expressed as nmol/g tissue. MDA analysis was carried out on six fish fillets from each of the experimental tanks at day 0, day 3, day 6 and day 9 after sampling (samples stored at 4°C until analysed).
The organoleptic/sensorial attributes of trout fillets were assessed by a Quantitative Descriptive Analysis (QDA) panel of six assessors in the dedicated sensory laboratories (Deakin University, Burwood campus). Each panellist had over 200 h of QDA experience including assessment of fish, and the analyses were conducted in a specialised sensory testing facility using the Compusense five v 4.6 (Compusense, Guelph, Canada) data collection system. Briefly, the panel developed a common flavour language comprising 23 descriptors covering appearance, aroma, taste, flavour, and aftertaste. The reliability and reproducibility of rating was assessed over five 2 h training sessions on separate days. All samples were analysed in triplicate.
Carotenoids, colour and flavour volatile compounds
Frozen samples were shipped in dry ice to the Università degli Studi di Milano (Italy) for the determination of total carotenoid content, instrumental colour measurements and flavor volatile compounds. The total carotenoid determination was performed according to the spectrophotometric method of (Toasa, Cakli, & Ostermeyer, 2005) 
. A MultiPurpose autosampler (Gerstel Inc, Linthicum, MD, USA) equipped with SPME option was used to permit a completely automated SPME procedure. The autosampler was employed in combination with a gas-chromatograph 6890 coupled to a 5973N mass selective detector (Agilent Technologies, Palo Alto, CA, USA). The separation of volatile compounds was performed on a DB-5MS capillary column (30 m Â 0.25 mm, 0.25 lm film thickness) (Supelco, Bellefonte, PA, USA). The fibre used for the extraction of the volatiles was divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS, 50/30 lm) (Supelco, Bellefonte, PA, USA). The sample (3 g) was placed in a 20 mL vial closed by a PTFE/silicone septa. Before extraction, stabilization of the headspace in the vial was obtained by equilibration for 25 min at 60°C. The extraction was carried out at 60°C for 30 min. After exposure, the fibre was thermally desorbed in the GC injection port and left for 1.5 min. The injector was set at 250°C and operated in the splitless mode (purge flow 20 ml min À1 at 1 min). The carrier gas was helium with a linear flow rate of 1 mL min
À1
. The oven temperature program was: 30°C held for 10 min, from 30 to 150°C at 2.5°C min À1 , from 150 to 200°C at 7.5°C min À1 and from 200 to 280°C at 20°C min À1 . Mass spectra were obtained under EI condition at 70 eV in the m/z 35-300 range.
The volatile compounds were identified by matching mass spectral data of sample components with those of known compounds from library databases (NIST 98 and Wiley 275). Authentic standards of several detected compounds were analysed in order to confirm the reliability of retention times and tentative identities.
Statistical analysis
All data were reported as means ± standard error (n = 3; N = 18). Comparisons were made amongst treatments using two-way analysis of variance (ANOVA), to separate the effects of oil and inclusion level, and their interactions (P < 0.05), following confirmation of normality and homogeneity of variance. Volatile data were analysed using the nonparametric Kruskal-Wallis Test. Correlations between colour measurements and carotenoid concentration were measured using Pearson correlation. All statistical analyses were computed using IBM SPSS statistic 20 (IBM Corporation, New York, USA).
Results
Experimental diets
The six experimental diets were iso-proteic ($44%), iso-lipidic ($20%) and iso-energetic ($22.3 KJ/g) (Table 1) , and differed only in their fatty acid composition which was reflective of the oil used and its inclusion level (Supplementary data Table S1 ). When comparing the same inclusion levels of the respective oils, monola oil based diets (MO60, MO75 and MO90) contained higher amounts of oleic acid (18:1n-9) and total MUFA, and lower amounts of a-linolenic acid (18:3n-3) and total n-3 PUFA in comparison to the canola oil based diets (CO60, CO75 and CO90). The total content of SFA, n-6 PUFA, n-6 LC-PUFA and n-3 LC-PUFA was almost identical between the two dietary groups. Independently of the oil used, an increase in oil inclusion level, and hence a decrease in the inclusion level of fish oil, resulted in decreased concentrations of SFA, n-6 LC-PUFA, n-3 PUFA and n-3 LC-PUFA, and increased concentrations of MUFA and n-6 PUFA. Specifically, eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3) concentrations reduced from $50 and 26 mg/g of lipid in diets containing 60% vegetable oil (MO60 and CO60), to $17 and 10 mg/g of lipid in diets containing 90% vegetable oil (MO90 and CO90), respectively (Supplementary data Table S1 ).
Growth, biometry, tissues proximate composition and nutrients digestibility
Over the entire in vivo feeding trial (27 weeks), mortality was minimal and unaffected by the dietary treatment, with fish responding well to all treatments ( Table 2) . None of the growth, feed utilisation and biometrical parameters recorded any statistically significant effects in relation to the dietary treatments.
Some statistically significant differences were noted in the proximate composition of fish fillet and liver samples, but no differences were observed in whole body samples (Table 2) . A statistically significant effect of the oil source was recorded for fillet moisture content (MO < CO), liver moisture content (MO > CO) and liver protein content (MO < CO). Likewise, the liver moisture content of fish receiving both oil sources was affected by the lipid inclusion level in the order of 60 < 75 < 90 (P < 0.05).
Several statistically significant differences were recorded in apparent nutrient digestibility (Supplementary data Table S2 ), including an effect of the oil source on protein digestibility (MO > CO), a significant effect of the inclusion level on dry matter, protein and nitrogen free extract digestibility (60 > 75 > 90), and a significant interaction between oil source and inclusion level on dry matter and lipid digestibility.
The apparent digestibility coefficients recorded for individual fatty acids showed numerous statistically significant effects of the oil inclusion level, whilst no statistically significant effects of the oil source were noted (Supplementary data Table S2 ).
Tissue fatty acid composition
The fatty acid composition (mg g of lipid) of the fillets of trout fed for 27 weeks with the six experimental diets is reported in Table 3. Trout livers and whole bodies were also analysed for their fatty acid composition, but for brevity, detailed data are not shown.
Overall the same trends and modifications observed in fish fillets were also recorded in the other tissues.
Statistically significant effects of the oil inclusion level were observed for almost all fatty acids, with the only exception of total fatty acids, 20:0, 24: 0, 24:1n-9, 22:5n-6, and 22:1n-11. Statistically significant effects of the oil source were recorded for total MUFA, 18:1n-9, 20:3n-6 and 20:4n-6 (MO > CO), and for total PUFA, total n-3 PUFA, 18:1n-7, 18:2n-6, 18:3n-3, 18:4n-3, 20:4n-3, 20:5n-3, 22 :1n-9 and 24:1n-9 (MO < CO). A statistically significant interaction between oil source and inclusion level was detected for 18:3n-3 and 18:4n-3 (Table 3) .
Apparent in vivo fatty acid metabolism
Selected results of the assessment of the apparent in vivo fatty acid metabolism (individual apparent in vivo enzyme activities in nmol of product per g of body weight per day; nmol g À1 d
À1
) are reported in Supplementary data Table S3 .
The apparent in vivo b-oxidation of 14:0 and 20:5n-3 decreased with increasing substitution of fish oil (60 > 75 > 90), while that of 18:1n-9, 18:2n-6 and 18:3n-3 demonstrated the opposite trend. Only the apparent in vivo b-oxidation of 18:3n-3 was affected by the oil source (MO < CO). In all treatments an apparent in vivo fatty acid de novo production (lipogenesis) was recorded, but it was not affected by the dietary treatment.
Statistically significant effects were recorded between the dietary treatments for the elongation of 18:1n-9, 18:3n-6, 18:3n-3 and 18:4n-3. However, the effects on apparent in vivo fatty acid desaturation were recorded only relative to the oil inclusion level. Specifically, total D-9 desaturation, total D-6 desaturation and total D-5 desaturation were all higher in fish fed diets with the lower inclusion levels of fish oil (P < 0.05). Apparent in vivo D-6 desaturase activity acting on 18:2n-6 and 24:5n-3 was recorded in all treatments, whilst D-6 desaturase activity acting on 18:3n-3 was recorded only in the CO90 treatment. The only apparent in vivo D-5 desaturase activity recorded was on 20:3n-6 in all treatments, whilst no D-5 desaturase activity acting on 20:4n-3 was recorded in any treatment (Supplementary data Table S3 ). Apparent in vivo peroxisomal chain shortening activities towards the final production of 22:5n-6 and 22:6n-3 were recorded, but no statistically significant effects of the diets were observed.
Refrigerated shelf-life
At day 0 of storage, no statistically significant differences were recorded in free MDA (nmol/g) in fresh rainbow trout fillets fed any of the six experimental diets (Table 4 ). The recorded MDA values then proceeded to increase over time, independent of the dietary treatment, until day 9 where a statistically significant effect of the oil source was noted (MO < CO). Starting from day 3, and then continuing through days 6 and 9, statistically significant effects of the oil inclusion levels were noted, with higher free MDA values recorded in fillets of fish receiving diets containing higher inclusion levels of fish oil (60 > 75 > 90).
Fillets colour and carotenoids content
The colour values and carotenoid concentrations in rainbow trout fed the experimental diets are reported in Supplementary data Table S4 . Significantly lower values were observed for L ⁄ (lightness) in the higher inclusion level treatments (MO90 and CO90), which led to a paler coloration for fillets of fish fed these diets. In contrast, the redness (a ⁄ ) values increased as the inclusion levels increased (P > 0.05). No significant differences were detected between the two oil sources or between the oil source and the oil inclusion level. Carotenoid content ranged from to 150.3 ± 15.7 (MO60) to 100.7 ± 14.3 (CO75) lg/100 g of flesh. L ⁄ was negatively correlated to carotenoid content, whilst a ⁄ , b ⁄ (yellowness) and C⁄(intensity) were positively correlated to carotenoid concentration (correlation coefficients: À0.18, 0.46, 0.50, 0.49, P < 0.01, respectively).
Flavour volatile compounds
The flavour volatile compounds of the fillets of trout fed the six experimental diets are reported in Table 5 . The volatile classes isolated included aldehydes, alcohols, ketones, aromatic hydrocarbon, aliphatic hydrocarbon, cycloalkanes and other compounds.
Among alcohols, statistically significant effects of the oil inclusion level were observed for 1-octen-3-ol and 1-penten-3-ol. 1-Octen-3-ol was higher with increasing the inclusion level, whilst 1-penten-3-ol showed the opposite trend. A statistically significant interaction between oil source and inclusion level was also detected for 1-octen-3-ol.
Among aldehydes, hexanal and 3-methyl butanal were significantly affected by the oil inclusion level and by the interaction with oil sources. Hexanal was also significantly affected by the oil source. Several statistically significant differences were recorded for hydrocarbon class compounds. With the exception of 1,2,4-trimethyl-benzene and toluene all remaining hydrocarbons were significantly affected by each of the dietary treatments. A significant interaction between oil source and the level of inclusion was detected for 2,3-octanedione, as was the case for 3-hexanone and alpha-pinene.
Sensory analysis
The organoleptic/sensory attributes for fillets of rainbow trout fed the six experimental diets were scored by the QDA panel and results are depicted in Table 6 . Across all the different sensorial attributes, a high level of homogeneity was recorded amongst treatments. The only statistically significant effects recorded were relative to the effect of oil source on fillet ''colour'' (visual appearance) with fillets of MO fed fish recording lower scores compared to those of CO fed fish. This included a significant interaction between the oil source and oil inclusion level: in the MO treatments, Table 2 Growth, feed utilisation parameters, biometrical parameters and proximate composition (mg/g) of fillet, liver and whole body of rainbow trout fed the six experimental diets in which monola and canola oils were included at 60%, 75% or 90% of the total added lipid source, at the completion of the 27 week feeding trial. Data represent means ± SEM (n = 3; N = 6). Statistically significant differences recorded by a two way ANOVA testing the effect of the oil source (O), its inclusion level (L) and their combination (O Â L) are depicted by reported P values (ns = not significant, P > 0.05). Data represent mean ± SEM (n = 3, N = 18). a See Table 1 the colour score increased with the decreasing fish oil inclusion, while in the CO treatments, the colour score decreased as the fish oil inclusion level decreased. A statistically significant effect of the oil inclusion level was also recorded for the attribute ''residual pieces'' (texture, in mouth), where increased scores were recorded with decreasing fish oil inclusion (60 < 75 < 90).
Discussion
The substitution of fish oil with rapeseed (canola) oil in salmonid aquafeeds is widely documented to have minimal/no detrimental impacts on overall fish performance (Bell polyunsaturated fatty acids (<20 carbon atoms); n-6: omega-6 fatty acids; n-3: omega-3 fatty acids.
Table 4
Free MDA (nmol/g) in fillets of trout on the six treatments in which monola and canola oils were included at 60%, 75% or 90% of the total added lipid source, at different time of refrigerated storage at 4°C.
Experimental treatments a
Two way ANOVA Data represent mean ± SEM (n = 3, N = 18). a See Table 1 for experimental diet and treatment abbreviations. b Statistically significant differences recorded by a two way ANOVA testing the effect of the oil source (O), its inclusion level (L) and their combination (O Â L) are depicted by reported P values. c ns = not significant, P > 0.05.
Table 5
Flavour volatile compounds (peak area of total ion current intensity) in fillets of trout on the six treatments in which monola and canola oils were included at 60%, 75% or 90% of the total added lipid source. Data represent total ion current (TIC) intensity expressed as peak areas (mean ± SEM) (n = 3, N = 18). For each tank/group, 4 fillets were used for the analysis (12 fillets for treatments). a See Table 1 for experimental diet and treatment abbreviations. b Statistically significant differences recorded by a Kruskal-Wallis testing the effect of the oil source (O), its inclusion level (L) and their combination (O Â L) are depicted by reported P values. c ns = not significant, P > 0.05. d Odour description from literature: (Belitz & Grosch, 1999b; Guillen & Errecalde, 2002; Serot, Regost, & Arzel, 2002; Shahidi, 1998) . e Sum of 1-Hexen-3-ol, 1-Penten-3-ol, 2-Hexenal, 4-Heptenal, 3,5-Octadien-2-one. 2011; Karalazos, Bendiksen, Dick, & Bell, 2007; Tocher et al., 2000; Torstensen et al., 2004 Torstensen et al., , 2005 Turchini & Mailer, 2011) . Accordingly, the present study demonstrated that both rapeseed oil varieties tested (canola and monola) can replace fish oil up to a level of 90% without any detrimental effects on growth, feed utilisation and sensory parameters. There were some statistically significant effects of the oil source and its inclusion level on nutrient digestibility but these effects did not result in any growth retardation or decreased feed efficiency. In general, a reduction in individual fatty acid digestibility was recorded with increased inclusion level of the two vegetable oils replacing fish oil. Accordingly, it is known that dietary fatty acid composition can affect the overall lipid digestibility (Hua & Bureau, 2009) , and that the digestibility of individual fatty acid is affected by their chain length and degree of unsaturation . However, it has been reported that when vegetable oils rich in MUFA and with little SFA, such as rapeseed/canola, are replacing fish oil, and thus less dietary SFA are provided, increased fatty acid digestibility are noted (Torstensen & Tocher, 2011) . This contrasting finding could possibly be explained by the fact that the two vegetable oils used in the present experiment were in crude form (whilst the majority of previous studies used refined oils), and/or because of the different phospholipids/triglycerides content of fish oil and vegetable oils, which have been reported to be digested differently (Rinchard, Czesny, & Dabrowski, 2007; Rosjo et al., 2000) . The key rationale for this study was to test if an oil richer in MUFA, such as monola oil, could prove more efficient in sparing dietary n-3 LC-PUFA from catabolism, and thus improve its deposition in fish fillet over traditional canola oil. Observing the fillet fatty acid composition of trout at the end of the experimentation, it was clear that compositions mirrored those of the experimental diets (Rosenlund et al., 2011; Torstensen et al., 2004 Torstensen et al., , 2005 ). Contrary to the hypothesis suggested above, no statistically significant effects of the dietary oil source were noted for final concentrations of n-3 LC-PUFA in trout fillets. However, a significant effect of the dietary oil source was noted for n-3 PUFA, and in particular the content of a-linolenic acid (18:3n-3). Accordingly, the results of the apparent in vivo b-oxidation of individual fatty acids demonstrate that fatty acids were catabolised towards energy production in proportion to their dietary supply, as documented previously (Stubhaug et al., 2005 (Stubhaug et al., , 2006 (Stubhaug et al., , 2007 Torstensen & Tocher, 2011) . The provision of higher amounts of MUFA in the MO diets seemed to have no sparing effects on the b-oxidation of n-3 LC-PUFA (and in particular EPA, 20:5n-3).
The fillet fatty acid composition is known to be affected not only by the dietary fatty acid composition, and the selective utilisation of fatty acids for energy production, but also by the in vivo bioconversion of fatty acids (Turchini, Francis, Keast, & Sinclair, 2011) . As well the higher levels of oleic acid in monola oil, this oil source also contained lower concentrations of 18:3n-3. Accordingly, independent of the dietary inclusion level, canola oil based treatments contained a higher content of this fatty acid, recording an active bioconversion towards n-3 LC-PUFA in the CO90 treatment where preformed levels of these fatty acids were lowest. This result is in agreement with the knowledge that in vivo n-3 LC-PUFA biosynthesis is limited by both the presence of dietary n-3 LC-PUFA (Torstensen & Tocher, 2011) and the abundance of n-3 LC-PUFA precursors (i.e. 18:3n-3) (Thanuthong, Francis, Senadheera, Jones, & Turchini, 2011) . Thus, the possible benefits relative to sparing n-3 LC-PUFA from catabolism derived by the higher amount of MUFA found in monola oil were compensated by the higher amount of 18:3n-3 found in canola oil, which was supporting some n-3 LC-PUFA biosynthesis, albeit low.
The colour of fillets was significantly influenced by the oil source and subsequent level of inclusion. In particular, higher levels of inclusion appeared to result in lower pigment deposition, but this effect was not statistically significant, likely due to the high level of variability between samples. Likewise, the carotenoid concentrations were also influenced by the oil source, decreasing in synchrony with the increasing inclusion level, however, this result was statistically evident in the MO group only. Results reported in literature on the effects of the dietary oil source on the absorption of astaxanthin in fish are rather controversial. Bjerkeng, Hatlen, and Wathne (1999) reported that the dietary oil source may affect the absorption of astaxanthin in Atlantic salmon although it was not clear which factors were directly involved in this process. It was suggested that the release of dietary carotenoids from the feed matrix had an important influence on carotenoid utilisation by fish. This aspect may explain the effect observed in the present study relative to carotenoid deposition and the differences observed in fillet colour scores. Hatlen, Jobling, and Bjerkeng (1998) reported that variations in colour of Arctic charr (Salvelinus alpinus) fillets may reflect differences in chemical characteristics of the fillet, such as the relative proportions of carotenoids deposited and the relative abundance of cell constituents interacting with carotenoids. Accordingly, Regost, Jakobsen, and Rørå (2004) reported lower a ⁄ values in Atlantic salmon fed diets containing rapeseed (canola) or soybean oil in comparison to salmon fed fish oil based diets. However, Thomassen and Røsjø (1989) found no differences in a ⁄ values for Atlantic salmon fed soybean oil or fish oil based diets.
The volatile compounds detected in trout fillets were found to be affected by the dietary treatments (Table 5 ). In general, the hydrocarbon compounds were higher in trout fed the MO diets in comparison to fish fed the CO diets. With the exception of 2,6,10,14-tetramethyl-pentadecane, responsible for green and sweet aroma, these volatile compounds only weakly contribute to the overall flavour of food due to their high aroma threshold (Belitz & Grosch, 1999a) . The aromatic hydrocarbons mainly originate from the environment and may work their way into fish tissues via the food chain. Among aldehydes, hexanal was the most abundant compound present in all samples. It was significantly affected by the oil source, the inclusion level and interaction between the two factors. Hexanal is formed during the oxidation of 18:2n-6 via the 13-hydroperoxide and its odour is commonly described as green or grassy (Belitz & Grosch, 1999a) . Its higher content in fillets of trout fed the CO diets was therefore likely attributable to the higher concentrations of 18:2n-6 in the fillets of fish fed the CO treatments, which increased concurrently with the higher inclusion levels. Other aldehydes recorded in samples were nonanal, octanal and heptanal. However, no statistically significant effects of the diets were observed. The presence of these aldehydes in trout fillets could be attributed to decomposition reactions of 10-and 11-hydroperoxides formed by the autoxidation of 18:1n-9 which was abundant in each of the experimental diets (Elmore, Mottram, Enser, & Wood, 1999; Varlet, Prost, & Serot, 2007) . Among alcohols, 1-penten-3-ol and 1-octen-3-ol were most abundantly represented. 1-penten-3-ol is known to be formed by the action of 15-lipoxygenase on 20:5n-3 (Kawai, 1996) . In the present study 1-penten-3-ol was significantly higher in the fillets of trout fed diets with lower CO and MO inclusion levels (MO60 and CO60), which subsequently corresponded to the highest EPA tissue concentrations. Interestingly, 1-penten-3-ol has also been suggested as a marker of lipid oxidation in chilled Atlantic horse mackerel (Trachurus trachurus) muscle (Iglesias & Medina, 2008) .
1-Octen-3-ol, which possesses a mushroom-like odour, is reported to be formed from the oxidation of 20:4n-6 by 12-lipoxygenase (Duflos, Coin, Cornu, Antinelli, & Mallel, 2006) , and is considered as an important contributor to potential off-flavours of fish due to its low odour threshold. In the present study, no effect of the oil source was observed on the concentration of this alcohol, however, an effect of the oil inclusion level and an interaction between the oil source and inclusion level was observed. Among other compounds, alpha-pinene, which is derived either from the diet or the environment, was significantly affected by the oil source (MO > CO). Considering the sum of volatile compounds derived from n-3 PUFA, n-6 PUFA or n-9 MUFA (Table 5) , statistical significant differences were not observed for n-3 derived and n-9 derived volatile compounds, while n-6 derived volatile compounds showed a marked increase with the higher inclusion levels. This was due to the higher concentration of n-6 PUFA, especially 18:2n-6, in fish fillets containing higher levels of monola and canola oils.
Conclusions
The implementation of graded levels of monola and canola oil in feeds for rainbow trout over an entire grow-out period resulted in no detrimental impacts on growth, survival and general performance. While this study failed to demonstrate an effect of elevated MUFA concentration on the sparing of n-3 LC-PUFA from catabolism, it has revealed the potential of utilising monola oil as a fish oil replacer in aquafeed. Nevertheless, the reduced content of 18:3n-3 in monola oil compared with canola oil was responsible for decreased in vivo biosynthesis of n-3 LC-PUFA. Thus, canola oil would appear to be the preferred choice between these two potential alternatives, when used to replace large proportions of fish oil in aquafeed formulation. In general, both oil sources imparted little in the way of effect from the perspective of fillet quality (flavour volatiles and organoleptics). However, detrimental changes to the concentrations of health promoting n-3 LC-PUFA of farmed fish fillets warrant further investigations into the nutritional modulation of fish fatty acid metabolism to ensure on-going recognition of fish and seafood products as the optimal source of n-3 LC-PUFA.
